Introduction
The design and development of multimodality probes are critical for molecular diagnosis because multimodality techniques have the complementary and cross-validation ability. 1 Magnetic resonance (MR) has high tissue penetration and limited sensitivity; optical methods are considered to be highly sensitive with less tissue penetration. MR-optical dual-modality technique has therefore attracted much attention. 1 Compared with 1 H-MR, 13 C-MR has low background because of the low natural abundance of 13 C. 2 13 C-labeled molecular probes were therefore used for 13 C-MR related applications; MR source in those molecular probes was mainly limited to carboxylic and carboxyl carbons because of low interference in this chemical shift region. 2 To improve the low sensitivity of 13 C-MR, hyperpolarization methods, including dynamic nuclear polarization, have been used.
3
The MR signal derived from carboxylic and carboxyl carbon in hyperpolarized 13 C-labeled molecular probes has been used to reveal metabolic pathway 3 and to survey the chemical status of living systems. 2, 4 However, hyperpolarized magnetization probes have a longitudinal relaxation time less than 1 min.
2-4
Short decay time hinders the hyperpolarized probes for longterm observation of tissue change. Moreover, hyperpolarization requires low temperature, high magnetic field, and radioactive materials, which also limit the widespread application of hyperpolarized probes.
3 If the MR sensitivity of a 13 C-probe can be improved than that in molecular probes, the conditions for hyperpolarization may be not required.
Carbon quantum dots (C-QDs) are quasi-spherical carbon material with diameters below 10 nm; C-QDs are becoming a promising alternative to metal-based QDs (M-QDs) and dye probes because of their biocompatibility, low toxicity, simple preparation, and favorable luminescence properties.
5 Quantum confinement endows C-QDs size-and wavelength-dependent luminescence and low photo-bleaching. 5 Importantly, C-QDs contain abundant carboxylic and carboxyl carbons. 5-6 If 13 C can be integrated into C-QDs, the carboxylic and carboxyl carbons in C-QDs can be used as a 13 C-MR source. Compared with the molecular probes, while 13 C-labeled C-QDs show MR response, the intrinsic fluorescence of C-QDs is an added bonus. MR and fluorescence dual-response is therefore observed. We here reported the first 13 C-engineered QDs ( 13 C-QDs) for simultaneous in vivo MR and fluorescence emission dualresponse. To our knowledge, it was the first example of the synergistic combination of 13 C-magnetic resonance spectroscopy (MRS) and fluorescence imaging of C-QDs. As validated with zebrafish (Danio rerio), 13 C-MRS provides specific information about the presence, magnitude, and progression of 13 C-QDs by defining MR intensity, whereas fluorescence reveals the location of 13 C-QDs with its high sensitivity. As 13 C-rich probe, 13 C-QDs show 160-fold improvement on the signal-to-noise ratio (SNR) for the peak at around 171 ppm even though hyperpolarization is not applied. So, the lifetime of 13 C-MR response is unlimited, while low temperature, high magnetic field, and radioactive materials for hyperpolarization are not required. Different to 13 C-labeled molecular probes, 2-4 13 C-QDs are 13 C-rich probe for the glucose. Similarly, 12 C-QDs were synthesized using 12 Cglucose as a comparison. 7 Their morphology and size were characterized using transmission electron microscopy (TEM). The size distribution of both of C-QDs was mainly focused in the range of 2-6 nm with the average diameters of 3.88 and 3.95 nm, respectively ( Fig. 1A and 1B) . High-resolution TEM images show that both of C-QDs have the lattice spacing of 0.25 nm (inset in Fig. 1A ) for the (100) facet of graphite and illustrate the graphitic structure of C-QDs. 8 13 C-and 12 C-QDs have the same average hydrodynamic diameters of 8 nm (Fig.  1C ). X-ray photoelectron spectroscopy (XPS, Fig. S2 ) illustrated the same group types in both C-QDs. Thus, 13 C-and 12 C-QDs are almost same in the size and morphology because they were prepared with the same carbon source even with different isotopes. Their fluorescence and UV-vis absorption spectra illustrated the optical properties of 13 C-and 12 C-QDs (Fig. 1D) . The absorptions at 280-320 nm were attributed to the π−π* transition of the aromatic sp 2 domain. 9 Thus, polymerization occurs to form sp 2 carbons in both 13 C-and 12 C-QDs.
Excitation-dependent luminescence was observed from both of C-QDs. Upon excitation from 340 to 480 nm, the emission was observed around 480 nm with the strongest emission at 400 nm excitation (Fig. 1D) . Quantum yield was calculated to be 12.7 % for 12 C-QDs and 17.1 % for 13 C-QDs ( Fig. S4 and Table S2 ).
Upconversion emission was observed from two kinds of C-QDs (Fig. S5) . 13 C-QDs also exhibited excellent resistance to photobleaching under continuous UV light excitation within at least 60 min; the emission from 13 C-QDs was observed to be stable in salt solution up to 1 M NaCl (Fig. S6) , which implied that 13 C-QDs would not exhibit significant signal decay over long illumination times and changed salt concentrations for imaging application. Significantly enhanced magnetic resonance spectroscopy (MRS) and fingerprint information were observed from 13 CQDs ( Fig. 1E and 1F ). 13 C-MRS can distinguish sp 3 carbon from sp 2 carbon and reveal the binding mode in C-QDs. 10 The peaks in the range of 0-50 ppm ( Fig. 1E ) were attributed to aliphatic (sp 3 ) carbon. The multiplex signal around 60-75 ppm was related to 13 C-spin-splitting of the adjacent 13 C in 13 C-QDs, but was not observed in 12 C-QDs. The responses between 100-150 ppm ( Fig. 1E ) were ascribed to the internal sp 2 carbon (C=C bond) whereas the peaks at 120-130 ppm most likely arose from polycyclic aromatic carbons. 9, 11 The peaks at 170-180 ppm were associated with carboxylic, carboxyl, and amide carbons, showing the surface groups of 13 C-QDs. 9, 11 All of the results reveal that C-QDs comprise a nanocrystalline core featuring graphitic sp 2 carbon and a surface functionalized with carboxylic/carbonyl groups. 12 It was noteworthy that the peak at 171 ppm in MRS from 13 C-QDs was 160-fold improvement in SNR than that from 12 C-QDs (Fig. 1F ). This signal derived from carboxylic and carboxyl carbons in 13 C-QDs and can be used as MR tag, similar to 13 C-label molecular probes, where most of 13 C unit was limited to carboxyl carbon.
2

MR and fluorescence responses of 13 C-QDs in embryos
Zebrafish are widely used for basic and applied researches such as disease progression, developmental mechanism and pattern formation because of its well-defined developmental stages, and amenability to optical imaging. 12 Zebrafish embryos were first used to validate the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript of 13 C-QDs. After embryos were incubated with 13 C-QDs, the bright-field images of embryos were the same to each other, indicating the high biocompatibility (Fig. 2A) ; 13 C-QDs also show low cytotoxicity and biological toxicity ( Fig. S7-S9 ). Their fluorescence images became brighter while the intensity at 171 ppm in MRS increased gradually, without significant change in chemical shift along with increased 13 C-QDs concentration ( Fig. 2B and 2C ). Different brightness between yolk sac and inner mass indicated that 13 C-QDs have different affinity to these tissues (Fig. 2B) . Thus, 13 C-QDs can enter into the embryos across chorion and germ ring. As the first barrier between embryos and allogenic materials, chorion has nanoscale pores (ca. 0.17 µm 2 ), 13 that is larger than the size of 13 C-QDs (ca. 4 nm). Therefore, 13 C-QDs can enter into embryo through the pores in the chorion, and then diffuse in the whole embryos. Cheng et al 13 investigated the effect of carbon nanotubes (CNTs) on embryonic development and found CNTs aggregated at the chorion surface owing to their big size. CQDs are therefore suitable for imaging application because of their smaller size for higher permeability. The effect of 13 C-QDs on embryonic development was tested after embryos were incubated with 13 C-QDs. The embryos underwent rapid cell division to form different organs (Fig. 2D) , the same as the untreated embryos as observed in Fig. S9 . Both 13 C-MR signal and fluorescence were observed from embryos incubated with 13 C-QDs, but the intensities decreased gradually along with the embryonic development and disappeared at 72 hpf ( Fig. 2E and 2F ). Cross-validation is therefore achieved between 13 C-MRS and fluorescence of 13 C-QDs. Because of their high photo-stability in salt solution (Fig. S6) , 13 C-QDs may be removed from embryos by the digestive system, as illustrated by the bright gut at 32 hpf (Fig. 2) . Moreover, 13 CQDs were transferred to the dorsal from yolk sac as the bright spinal cord in their fluorescence image at 48 hpf (Fig. 2E) . 13 CQDs redistributed in the trunk of zebrafish and revealed spatialtemporal progression of embryonic development by their stable fluorescence emission. The unlimited MR lifetime of 13 C-QDs also exhibited the temporal progression of zebrafish embryonic development events and therefore 13 C-QDs are suitable for long-term observation different to hyperpolarized 13 C-label molecular probes (Fig. 2F ). 
In vivo MR and fluorescence response of 13 C-QDs in zebrafish
The dual-response property of 13 C-QDs was further confirmed in zebrafish model. Two peaks appeared at less than 100 ppm in zebrafish MRS even without C-QDs treatment (Fig. 3A) . After being incubated with 13 C-QDs, the MR fingerprint information of 13 C-QDs was clearly evident, besides the peaks from zebrafish as compared with Fig. 3Ac and 1E. The signal intensity at 171 ppm became higher and higher as the concentration of 13 C-QDs increased and had no change in chemical shift (Fig. 3C ), indicating 13 C-QDs in zebrafish were stable. The actual uptake amount of 13 C-QDs by zebrafish was ca. 12 µg per fish incubated in 3 mg/mL solution. However, no the signal was observed from the zebrafish incubated with 12 CQDs (Fig. 3Ab) , validated the different in vivo MR response of 12 C-and 13 C-QDs (Fig. 3A) . Fluorescence images of zebrafish also became brighter and brighter in a concentration-dependent mode (Fig. 3B) . The results indicate that fluorescence and MR dual-response of 13 C-QDs were maintained even though they were embedded into zebrafish body. The signal from aliphatic carbon less than 100 ppm was observed in the MRS of zebrafish even no C-QDs were embedded in zebrafish, but almost no signal was observed around 171 ppm. Thus, carboxylic and carboxyl carbons are selected as MR source as less interference was observed from tissue. The absorption, distribution, metabolism and excretion (ADME) of 13 C-QDs in zebrafish can be used to understand their potential application and toxicity. The different brightness in zebrafish can be used to illustrate the distribution of 13 C-QDs ( Fig. 3B and Table S4 ). After 13 C-QDs entered into zebrafish through swallowing and skin-absorption, 14 we found they accumulated selectively in the head, yolk sac, and tail and showed tissue-dependent affinity (Fig. 4 and Table S3 ). The bright dorsal aorta indicated that 13 C-QDs can enter into the circulatory system (Fig. 4G) for the transportation of 13 C-QDs.
Interestingly, zebrafish eye was the brightest part of head and confirmed by the MR response of 13 C-QDs ( Fig. 4H and 4I) ; its brightness increases with the increased 13 C-QDs concentrations (Table S3 ). The lens can be easily distinguished from the eyeball. This result indicates that 13 C-QDs can enter the eye across blood-ocular barrier (BOB). Strong fluorescence and MR response was observed from the yolk sac and validated the high content of 13 C-QDs in yolk sac ( Fig. 4F and 4I ).
The ADME route of 13 C-QDs was therefore proposed based on their distribution. 
Morphology of zebrafish illustrated with 13 C-QDs
The fluorescence and distribution of a probe can be used to illustrate the morphogenesis and shape of organisms. 16 Confocal images of different scan planes with 13 C-QDs as probe clearly show the morphology of zebrafish (Fig. 5 and S10, Movie 1 and 2). The 13 C-QDs preferentially accumulate in a very thin layer at the periphery of the zebrafish, confirming that skin-absorption may be one important route by which 13 C-QDs enter into zebrafish. The contour of the zebrafish is therefore clearly outlined by the emission of 13 C-QDs. The images of the yolk sac of different planes show its scrotiform structure and the intestine is attached to the wall, but not directly to the cavity of the yolk sac. Interestingly, the heart of the zebrafish is observed and the other viscera are also clearly evident in Fig. 5 . Thus, the pathway that the fluorescent 13 C-QDs enter into the internal of zebrafish through blood circulation is proposed as follows. 12a The ventral aorta carries blood containing 13 C-QDs from the heart into the carotid arteries. Then, part of 13 C-QDs is transported into the head through an internal carotid artery; some 13 C-QDs enter into dorsal vessels through the ventral aorta. 17 The 13 C-QDs are added to the other viscera and extend into the trunk and tail through the dorsal aortas and the vessels in the head. 17 Therefore, 13 C-QDs have potential for in vivo images with their easy transportation through cardiovascular system. Confocal images further confirmed that the 13 C-QDs accumulated on the eyeball selectively, but could not enter into the lens (Fig. 5) , similar to the fluorescence result in Fig. 4H . 
Experimental details
12 C-and 13 C-QDs were prepared by hydrothermal treatment of 12 C-or 13 C-glucose and monoethanolamine (MEA). Briefly, the 12 C-or 13 C-glucose (40 mg, 0.25 mmol) was mixed with 10 mL water and then added with 80 µL MEA. The mixture was added into a poly-tetrafluoroethylene (Teflon)-lined autoclave (30 mL) and heated at 200 °C for 12 h. The C-QDs was collected after filtering with 0.22 µm membrane and dialyzed against water.
The solution was lyophilized to obtain brown C-QDs pasty, which can be re-dissolved for use. AB strain zebrafish were used in this study. All procedures using animals were approved by the Institutional Animal Care Committee of Nankai University. Zebrafish were maintained in aquaria at 28.5°C with a 10/14-hour dark/light cycle. Embryos were collected after natural spawns and housed at 28.5°C. The embryo and larva are staged by hour post fertilization (hpf). All embryos were grown in 0.003 %1-phenyl-2-thiourea (PTU, Sigma-Aldrich, St. Louis, MO, USA) to block pigmentation and mediate visualization until 72 hours post fertilization (hpf).
The cell viability was evaluated on the 4T1 cells using CCK8 assay. Briefly, the cell was seeded in 96-well culture plates at a density of 5×10 5 cells per well in culture medium. The C-QDs, diluted to the final concentration of 10, 100, 250, 500, 1000, 2000 and 3000 µg mL -1 , was introduced to cells for incubation of 8 and 24h after 4T1 cells reached 90-95% confluence. Cells cultured in the free medium were taken as positive control, while Triton x-100 was added to medium as negative control. 10 µL CCK-8 was added to each well, followed by the cells were incubated for another 1 h. The cell incubation process was carried out at 37 °C with 5% CO 2 . The absorbance at 490 nm was measured for the calculation of the cell survival rate. The experiment was performed under identical conditions three times.
The 72 hpf zebrafish embryos were added into 24-well culture plates (5-7 zebrafish per well) and incubated with different concentration of 13 C-QDs (0, 0.1, 0.5, 1.5, 3, and 5 mg mL -1
) for 8 h. The zebrafish was collected to evaluate the in vivo biological toxicity of 13 C-QDs. All of the experiments were performed under identical conditions for five times. The AB strain fertilized embryos were added in 24-well culture plates (5-7 of embryos per well) at 1-4 cell stage (less than 1 hour). The 13 C-QDs with concentration of 0, 1.0, 1.5, 3.0, and 5.0 mg mL -1 was introduced into wells. After cultured for 2 h in 13 C-QD solution, the embryos were rinsed with free tank water three times to remove excess 13 C-QDs. and fluorescent images of embryos were taken at 3, 7, 26, 32, 48, and 72 hpf by a Fluorescence microscope (Olympus BX51, Japan) with an excitation of 470-490 nm and emission at 515 nm long pass. The MR spectra were obtained with a 400 mHz nuclear magnetic resonance instrument (Bruck, Germany) after embryos were added into D 2 O. AB strain fertilized embryos were cultured in regular tank water at 28.5 °C until 3 days post fertilization (3 dpf, i.e. 72 hpf). The zebrafish at 72 hpf were added in 24-well culture plates (5-7 zebrafish per well). The 13 C-QDs were added to the wells with different concentration: 0, 0.1, 0.25, 0.5, 0.75, 1.5, and 3 mg mL -1
. After cultured for 8 h, zebrafish were rinsed with tank water three times to remove excess C-QDs, followed by the imaging with fluorescence microscope (Olympus BX51, Japan) with an excitation of 470-490 nm and emission at 515 nm long pass. The confocal imaging of the zebrafish was performed on a Leica Tcs sp5 confocal microscope (Germany) with the filter of excitation and emission at 488 nm and 520-620 nm, respectively.
The 72 hpf zebrafish embryos were added in 24-well culture plates and incubated with 3 mg mL -1 of 12 C-or 13 C-QDs. After cultured for 8 h, zebrafish were washed with tank water to remove excess C-QDs. The zebrafish was collected and then redissolved into D 2 O to obtain the MR spectra of zebrafish with 12 C-or 13 C-QDs.
Conclusions
In summary, our 13 C-QDs constituted a novel MR and fluorescence dual-response probe to report biological process. 13 C-QDs showed 13 C-MR response even when they were embedded in zebrafish. This phenomenon has not yet been described previously. Compared with 13 C-labeled molecular probes, 13 C-QDs were 13 C-rich probe to enhance the MR signal and thus the complex setups for hyperpolarization were not required. Moreover, the lifetime of MR response was unlimited. Importantly, 13 C-QDs also kept their intrinsic fluorescence emission. The dual-response of 13 C-QDs was validated with a zebrafish model, where tissue-dependent affinity of 13 C-QDs was confirmed. The results obtained from zebrafish may be applied to study of other animals, so the multifunctional 13 CQDs constitute a novel powerful tool for medical applications.
